From experimental studies in digital processing of seismic reflection data, geophysicists know that a seismic signal does vary in amplitude, shape, frequency and phase, versus propagation time To enhance the resolution of the seismic reflection method, we must investigate these variations in more detail.
(1) Large wavelengths The composite medium is fully transparent, but phase delaying. It acts like an homogeneous medium, with an "effective velocity" and an "effective impedance."
(2) Short wavelengths For wavelengths close to twice the spatial period of the medium, the composite medium strongly attenuates the transmission, and superreflectivity occurs as counterpart.
(3) Intermediate wavelengths
For intermediate values of the frequency, velocity dispersion versus frequency appears.
All these phenomena are studied in the frequency domain, by analytic formulation of the transfer functions of the composite media for transmission and reflection. Such phenomena are similar to Bloch waves in crystal lattices as studied in solid state physics, with only a difference in scale, and we checked their conformity with laboratory measurements.
Such models give us an easy way to introduce the use of effeciive velocities and impedances which are frequency dependent, i.e., complex. They will be helpful for further developments of "complex deconvolution."
The above results can be extended to quasi-cyclic media made up of a random distribution of double layers. For signal transmission, quasi-cyclic series act as a high cutfilter with possible time delay, velocity dispersion, and "constant Q" type of law for attenuation. For signal reflection they act as a low cut filter, with possible superreflections. These studies could be extended to three-dimensional (3-D) binary models (grains and pores in a porous reservoir), in agreement with well-known acoustic properties of gas reservoirs (theory of bright spots).
We present some applications to real well data. Effective velocities lower than mean velocities may explain: very low velocities for P-and S-waves, especially in weathered shallow layers; anomalies on the values of the ratio VA/VP ; mistying between P and S seismic sections.
Finally, the Gabor expansion provides a tool to obtain sampled instantaneous frequency spectra, and to carry out a suitable recording and processing method in highresolution seismic, especially to preserve the phase information. Such a processing will involve complex signals, complex traces, complex velocities and complex impedances.
For practical purpose, this paper comprises two separate parts. Here, we present some interesting features on the scattering of seismic signals obtained by a simulation method using simple models. We show the usefulness of the notions of complex signals, complex velocities, and complex impedances, and overall of the Gabor expansion, by simulation on very simple models.
Morlet et al, (1982, this issue) will be concerned with the development of fundamental notions useful to handle seismic data from the sampling method of recording to processing methods. There we give theoretical and prac-. tical tools to sample and handle these data in the timefrequency domain, using complex functions.
INTRODUCTION
A fundamental objective of all research geophysicists is to increase the resolving power of the seismic reflection method. But a disturbing fact appears: It is very difficult, and often impossible, to resolve the seismic records into elementary interfaces especially because of the large ratio of signal wavelength/layer thickness, which is sometimes much greater than unity.
However, since our problem is to resolve layers rather than to separate interfaces, we can use the models of quantum mechanics, more specifically those of wave propagation in crystal lattices.
Referring to SchrBdinger, let us note that "Quantum Mechanics stands in the same relation to ordinary Classical Mechanics that physical optics does to geometrical optics" (Cohen-Tannoudji et al, 1977; Morlet, 1975; Encyclopedia Britannica, 1967) .
From this viewpoint, how does the geologic series appear to a geophysicist? In sedimentary basins, the geologic layers are cyclic or quasi-cyclic rather than progressive (especially series containing fluid hydrocarbons or coal). Fortunately, this is helpful for the seismic reflection method, because information quantity and reflectivity are related.
We will therefore choose the following specifications for our models: (1) For the media, we will model the geologic series as a random superposition of cyclic or quasi-cyclic series, rather than as a random distribution of layers. In such a distribution, an elementary series is made up of two layers or more; there are therefore no individual interfaces but a sequence of "interface clusters," and sometimes reflectivity can appear at the boundary between two successive cyclic series. Starting with binary periodic media, we will show the physical meaning of effective velocities and impedances and their frequency dependence.
(2) For rhe signal, we will use models with the following properties: simple but realistic; suitable for energy and frequency quantification; suitable for attenuation and resolution studies. More specifically, we will use a set of Gabor complex wavelets, for various frequencies, simulating therefore a time-frequency sampling method for the wave propagation studies.
We will demonstrate the interest of a time-frequency method of sampling, leading to a specific type of Gabor expansion of the traces into basic wavelets.
(3) For the algorithm, we will use the I-D wave propagation model known as the Goupillaud-Kunetz algorithm for synthetic seismograms. We will show thereafter what type of assumptions are necessary to extend the results to 3-D models of rocks (especially porous unconsolidated reservoirs).
Finally, we will give examples of practical applications.
WAVE PROPAGATION IN PERIODIC MEDIA
First, we make the following assumptions for simplicity: plane waves; normal incidence; 1-D perfectly elastic layered media; simple models of layering, i.e., cyclic series made of two components, and simple signals. Later, extensions could be made as follows: more complex media (quasi-cyclic l-D, then 2-D and 3-D); oblique incidences, more complex signals. and quasi-plane waves.
Thus, we start with deterministic models and then introduce statistical models involving various distributions of cyclic series.
The 1-D wave equation
We introduce here the notations we will use, and recall briefly the fundamentals of wave propagation.
Propagation in a homogeneous medium.-We assume (1) perfect elasticity (Hooke' s law), (2) propagation in an unbounded medium, (3) compressional waves. The elastic wave equation is then a2F/az2 = (i/v$(a2F/ar*), which is valid for F being particle displacement, cubical dilatation, excess pressure or stress, and particle velocity. Two fundamental characteristics for the wave are P = excess pressure or stress (related to potential energy), U = particle velocity (related to kinetic energy).
The modulus of a complex linear combination of these last two quantities is proportional to the square root of the total energy carried by the wave (see Morlet et al, 1982, Propagation through a plane interface.-We assume here (1) plane waves, (2) normal incidence, and (3) two semiinfinite media. Writing first the two fundamental equations for continuity of the wave function at the interface, for particle velocities, and conservation of the energy applied to the energy flow through the interface, for kinetic energies of incident, reflected, and transmitted waves, then combining these two relations, permits us to introduce the reflection coefficient at the interface, for particle velocity U:
where Zt = impedance of the incident medium, and Z2 = impedance of the transmission medium. For the excess pressure P, the sign of R is opposite, and R = (Z, -Z,)/(Zz + Z,).
Note that similar equations hold for shear waves, and more generally for electromagnetic (EM) waves and electric currents. For a binary periodic series made up of two component media, the parameters are (1) for each elementary structure or "motif," made up of two layers: there are four parameters for medium I (subscript 1), and four parameters for medium 2 (subscript 2); (2) there is a total N of elementary structures or motifs, and (3) the characteristic parameters are for upper medium or "entry medium" (subscript e), substratum (subscript s).
We will study a very large range of parameter values. investigations for very strong impedance contrasts will be used when extrapolating the results to 3-D models of aerated rocks or gas reservoirs.
Characteristics of the signals
To study the energy and dispersion, we need to measure amplitudes on envelopes, phases, times and delays. Therefore we need short signals, easy to define in both time and frequency domains.
Such complex wavelets were studied by D. Gabor and lead to a time-frequency decomposition of the signals or seismic traces (Gabor, 1946 (Gabor, , 1951 In standard seismic processing, we can neglect the velocity dispersion, while trying to minimize At, and thus maximizing Af,' that is, use a broadband spectrum. But when dispersion occurs, the wave velocity is frequency dependent. Thus we must process information in both the time and the frequency domains, using a 2-D sampling. For that reason, instantaneous frequency spectra are interesting functions.
We have to choose an adequate compromise between resolutions in the time and the frequency domains. Using a logarithmic scale in the frequency domain, the amplitude spectra of such wavelets are of constant shape as shown in Figure 3 . In most cases, we use complex wavelets with A t/T = 2 which leads to a bandwidth close to l/2 octave (Figures 2 and  3) . In spite of some theoretical difficulties with the Gabor expansion due to the nonorthogonality of the basic wavelets (Morlet et al, 1982) , simulation shows that it is an interesting tool for signal analysis. We first compute the reflection coefficients at all interfaces from the impedances of the adjacent layers. We then compute the impulse response step by step for increasing i, then j (Baranov and Kunetz, 1960) .
For each interface k, we can output as an elementary trace a synthetic impulse response. We thus obtain a set of traces representing a synthetic vertical seismic profile (VSP). To avoid spurious reflections, we assume that the reflection coefficient at the surface is zero. Although this impedance contrast may appear very strong, it is not unrealistic and could exist in series including gas reservoirs or aerated sands or shales (as we will see later).
In the VSPs presented here, the propagating waves are sampled using one trace per layer, for layers of constant traveltime (in conformity with the computing algorithm).
In the following figures, the time scale corresponds to the vertical axis, and the depth to the horizontal axis. The horizontal scale is not exactly depth, but the k subscript, i.e., one way traveltime for the direct wave. It would represent depth only in the case of constant velocities for all the layers, which means the density contrasts determine the impedance contrasts. Therefore depth must be understood as a simplification for one way traveltime.
Regarding the impedances of the embedding media, two different cases are studied. is obvious in the upper and lower embedding homogeneous media. But in the intermediate periodic medium, the slope is higher; thus, the velocity of the actually traveling or effective wavelet is lower than that of the direct wave, which is vanishing or evanescent. (3) The incident wavelet crosses the periodic medium without any noticeable distortion in shape. In summary, for wavelets of low frequency the periodic medium appears as a homogeneous medium, with a specific effective velocity and a specific effective impedance. The direct wave disappears and the effective wave is a delayed wave. In the time domain, this delayed wave is made up of constructive interferences of a large number of multiple reflections inside the multilayered medium, producing a coherent wavelet. In the frequency domain, it involves phase rotations for monochromatic frequencies, generating a wave packet when the phase is stationary (i.e., quasi-constant in a bounded area of the space-time domain).
We may notice here that the delayed wavelet or wave packet, carrying the energy of the wave, may be compared to a "quasiparticle." Furthermore, there are some analogies between the structure of the Goupillaud-Kunetz algorithm and that of the Feynman diagrams, which are known to be useful tools in quantum FE. 8. Synthetic VSP in a binary periodic medium (4) time delays for the bottom reflections are very large. For example, with 100 motifs, in spite of a two-way time of 200 msec for the direct wave (evanescent), the negative bottom effective reflection is picked at 360 msec. Such delays are much longer than those observed in standard seismic, but for cyclic series with layer thicknesses from one to a few meters, time differences of 10 percent are possible when comparing (1) measured times on sonic logs, using a spacing smaller than the layer thickness, hence not affected by time delays due to intrabed multiples, and (2) measured times on velocity survey data in a well or on seismic recorded data, affected by time delays due to intrabed multiples. In the latter case, sonic times are shorter than seismic times.
Opposite results may be observed, due to velocity dispersion. for cyclic series involving very thin layering, with layer thicknesses close to the wavelength of the sonic log signal. When signal dispersion is prominent (signal nos. 5 and 6), picking effective time becomes impossible and the wavelet loses its identity. On real seismograms, we could interpret such a phenomenon as the disappearance of some frequencies of the signal, probably by absorption, and an increase of the noise level.
From a theoretical point of view, the uncertainty principle becomes At X Af + I, because of the increase of At by dispersion, implying time delays and strong phase rotations. Using information theory, we can say that the information carried by the signal being similar to "neg-entropy," velocity dispersion increases the entropy of the signal (Brillouin, 1956 ). In practical applications, depending upon what is known and unknown, dispersed signals may be deconvolved (as in Vibroseis processing) to zero-phase wavelets, or they may be considered as noise.
For assumed known parameters, functions, or models, one can use deterministic processing. But for unknown parameters, functions, or models, one must use statistical processing, assuming random distributions for the unknowns. Using the effective velocity, equal to 0.57 times the velocity of the direct wave (as seen above earlier), it is easy to explain the maximum on the transmission curve for a frequency close to 9 Hz, by constructive interference between the effective wave and its multiple reflections at the lower and upper interfaces of the periodic medium. This reinforcement is maximum when the total thickness of the medium equals one-half wavelength of the signal. For similar reasons, the transmission curve has a minimum for a frequency close to 4.5 Hz when the total thickness of the medium equals one-quarter wavelength of the signal (from destructive interferences between the effective wave and its multiple reflections). (3) The principle-"More up, less down" -expresses the obvious complementary nature of the amplitude curves, in conformity with energy conservation (energy being proportional to squared amplitudes).
Effective velocity of a periodic medium for low frequencies. A large range of values for the ratio Zr /Z, will be useful later in gas reservoirs or aerated media. Each curve corresponds to a constant value of the ratio T, /TV, which is related to the thickness ratio and thus to the volumic ratio for the two components of the binary medium. This chart was obtained by automatic picking of effective times for low-frequency wavelets.
Notice the symmetry when 7, and r2 permute. This operation changes only the sign of the reflection coefficients, thus not affecting the transmitted signal. But the slowness is maximum forrr = r2. Attenuation for transmission of high frequencies.--Using automatic picking, we can study the maximum amplitude of the transmitted waves. For high frequencies (ratio T/T close to 2) which are strongly reflected, this amplitude decreases rapidly in the first few layers of the periodic medium. In Figure 19 , the amplitude of the transmitted wave is plotted versus the number of motifs.
The impedance ratio Z1/Zz equals 2, representing an unusual but realistic value. The phenomenon shown in Figure 19 can be interpreted as an exponential attenuation through the binary medium. This type of attenuation involves only selective reflectivity or a varying effective velocity versus frequency, resulting in an increase of the entropy of the signal without energy losses.
All the phenomena described earlier may be referred to as I-D scattering. and like the anology between the effective wave packet and the quasi-particle, and the Bloch waves, it provides the fundamental basis for further extension to quasi-cyclic series and to 3-D structured media. 
FIG. 20. Q factor for attenuation of high-frequency wavelets in binary periodic media (versus impedance contrasts).
The structural characteristics of natural objects remain somewhat the same for various observation scales (Mandelbrolt, 1975) . Simple physical explanations of the causes of such structural periodicities have become common knowledge (Nicolis and Prigogine, 1978; Haken, 1978) .
As geophysicists, we may no longer define the sedimentary series as a random distribution of interfaces or of single layers, but as a random distribution of quasi-cyclic series. With no loss of generality, we can resolve a sedimentary series into a set of basic elements, each element being a binary medium, as follows. The minimum number of layers per element is then 2. In quasicyclic series, lower and higher impedances alternate. In progressive series, this is no longer true, but it is nevertheless possible to use the results of the analytical studies giving the transfer function for a double layer, in a progressive embedding media environment, and thus to replace the binary medium by a single equivalent layer. In this last case, the filtering effect for transmission is small enough to make the low-frequency approximation (i.e., the formulas giving effective velocity and effective impedance) valid for all frequencies.
Practically, we can always replace, with a good approximation for transmission studies, any sedimentary layering by a sequence of alternate lower-higher impedance layers.
Quantitative studies
We can therefore conduct statistical studies of wave propagation in sedimentary series as follows. The randomized characteristic parameters for such series will be, for each binary medium (taken as basic element), impedance ratio, volumic ratio, motif thickness, effective velocity (or mean velocity), and total thickness (or number of motifs).
The range of variations for the above parameters must be defined. Velocity range could be delined as depending upon depth.
As an example, we studied the expectable attenuation law for such models of multilayered media. We first studied the following deterministic case: attenuation for transmitted Gabor wavelets (with a bandwidth of 112 octave) in a periodic medium for which T = 2 x 7. This corresponds to the maximum attenuation in the "forbidden band" (Morlet et al, 1982) . Figure 20 shows the Q factor (i.e., the relative energy loss per wavelength) versus the ratio Z, /Z,, obtained by automatic picking of the envelopes maxima, thus representing the attenuation due to forbidden bands. Then, to build a statistical model, we can assume that the impedance ratio, the volumic ratio, and the effective velocity are constant, only the thicknesses being randomized. Therefore, for classes of equal motif thickness sampled at constant rate in a logarithmic scale, we assume the same probability for one motif to be in a given class of thickness (flat distribution, in a logarithmic scale of thicknesses). The range of values for T/T being the same in each class of thickness, the value of Q is the same for any class of motif thickness, i.e., Q is constant versus frequenc,y. This involves a constant Q type of law for attenuation.
To give an estimation of the expected range of values for Q in such a series, we can use the range of values found for Q in Figure 20 , for pure periodic media. For the small, but very common, values of the impedance ratios (leading to reflection coefficient range from 0.01 to 0.02), the corresponding range of values for Q varies from 20 to 100.
Assuming a distribution of motif thicknesses in a small number of classes (for example 2 to 3 per octave for the Gabor wavelet used here), we obtain practically decoupled forbidden bands from one class to the others. Taking into account that the values of the impedance ratios decrease with the sampling rate in depth, we can limit the number of octaves to a realistic value (close to 4) to fit with the seismic signals. We define therefore 8 to 12 classes of motif thicknesses. This leads to ranges for Q from 160 to 1200.
Hence, we can conclude that, in addition to the absorption of seismic waves in fluid-filled porous rocks, extensively studied by A. Nur and others (Kjartansson, 1978; Mavko and Nur, 1979; Nur and Simmons, 1969; Winkler and Nur, 1978) in the "Rock Physics Project" at Stanford University, wave attenuation could be primarily due to sedimentary layering and intrabed multiples.
EXTRAPOLATION TO 3-D ROCK MODELS
It is natural to extend the results to 3-D structured media. For the theoretical developments, we may refer to solid state physics and wave propagation in crystal lattices. Of particular interest for 3-D wave propagation and scattering, we mention the following works: Balian and Bloch (1970 , 1972 , Duplantier (1977, 1978) .
Qualitative studies
The above results represent a first approximation when studying wave propagation in 3-D binary periodic media, An intermediate step is to study 2-D propagation of plane waves in periodic fibered media. Such a type of 2-D model is uncommon in sedimentary series. More common are the 3-D models made of granular materials, for example sands or porous rocks (especially in reservoirs).
In such a case, the periodic or quasi-periodic structure is much for strong impedance contrasts.
finer than those presented earlier, compared to the wavelengths used in seismic reflection. Hence, we are in the case of the lowfrequency approximation. However, wavelengths used in sonic logging are closer to the size of grains; therefore dispersion phenomena could occur (also known as scattering, backscattering, or diffusion).
Quantitative studies
The problem is much more complex for 3-D media, because of wave conversions on a granular scale from f-waves to S-waves, and conversely. We will assume that such conversions are negligible, and therefore that the composite medium works as a fluid. This could be the case, for example, in unconsolidated sediments, without or with limited friction. The problem is to define effective velocity and effective impedance for such rocks.
For large wavelengths, we can assume that the characteristics of the composite medium can be averaged in a volume small compared to the wavelength, without changing the results on wave propagation. This hypothesis is based on the notion of multiple interactions or energy exchanges between the wave packet and the elementary grains of the rock. involving a "many body problem" (Mattuck, 1976) .
We have to choose the characteristic parameters to be averaged. If one uses the compressibility (i.e., 1 /E) and the density, the following formula for the "effective velocity" in aerated sands is (Lester, 1932 Replacing volume ratios by thicknesses in the above formulas. and using the relations between the parameters E, p, Z, V, and T. we finally obtain the formula found for binary layered media (Morlet et al, 1982) . Therefore, the two different approaches to this problem lead to the same results.
Note that, in aerated sands and gas reservoirs, very low effective velocities and very low effective impedances are observable.
Figures 21 and 22 show the strong effect, similar to the phenomenon of "doping," of a very small volumic proportion of gas on both velocity and impedance of the doped rock. This effect is quite independent of the characteristics of the second medium (grains of rocks or liquids). Therefore, we can assign to cyclic or quasi-cyclic series including gas reservoirs or aerated sands a very strong impedance ratio, and the value Z, /Z2 = 10 would not be unrealistic in such series, whose effective velocity could bc very low. 
APPLICATIONS TO SEISMIC REFLECTION

A case history
We present here a real case of propagation in a quasi-cyclic series of large thickness with strong impedance ratios, to show that the phenomena we investigated are really observable. Figure 23 shows a first approximation of the real quasi-cyclic series by a binary periodic medium. limited here to a total thickness corresponding to 20 motifs, and the propagation of Gabor wavelets in this medium (with a frequency sampling of l/2 octave). Figure 24 shows the transmission in the same medium, with a finer sampling for the mean frequency of the wavelets (l/4 octave). Figure 25 shows the frequency response and the cut-off frequency at 100 Hz and Figure 26 indicates the effective velocity and the velocity dispersion, using the mean velocity as reference [see Morlet et al (1982) for more details].
We notice a relative time delay of 6 percent for low frequencies and an additional relative time delay of 6 percent for frequencies close to 60 Hz.
Impedances and reflection coefficients of a real quasi-cyclic series Si appear as logs versus transit time (i.e.. one way traveltime) in Figure 27 . The sampling rate is 1 msec, and the total thickness of the series is close to 1000 m. Figure 28 shows the same logs for the sedimentary substratum Sz of the series Si Compared to S, , the series S2 is noncyclic. Propagation in series S, of Gabor wavelets (with a frequency sampling of l/4 octave) is shown in Figure 29 for both transmission and reflection. The first trace on the left represents the impulse response to a Dirac pulse. The cut-off frequency for transmission appears close to 100 Hz. Figure 30 shows the transfer functions for transmission through series S, , S2, and S1 + S2, with superimposed smoothed responses obtained by a "method of medians." The noncyclic series S2 works as an all-pass filter. On the contrary, the quasicyclic series S, works as a strong filter for high frequencies. Two cut-off frequencies appear, for different amplitude levels: the first at 50 Hz, and the second at 100 Hz. Figure 31 shows the strong filtering effect of high frequencies due to intrabed multiples. The reflection seismograms were computed with and without multiples for a set of basic Gabor wavelets. For high frequencies, numerous reflections appear in the seismograms without multiples, but they disappear in the seismograms with multiples. This can be explained by the phenomenon of superreflectivity: the high-frequency energy is reflected at the top of the quasi-cyclic series S, .
To obtain approximate quantitative results for interpretation, we can estimate the transmission delays of effective wavelets versus total traveltime, taking as reference the traveltime of the evanescent direct wavelet.
In a first, rough approximation, we will assume that, for each mean frequency of a wavelet, we can apply the formulas valid for low frequencies. Using a generalized formula (Bonnet, 1980 Finally we can obtain the total transmission delay by integration versus total traveltime. Figure 32 shows the transmission delays estimated by this rough method for different values of the window m, thus of frequency. Due to the formula used, the larger the integration window, the longer the time delay. We must note, however, that (1) For narrow windows (high frequencies), the low-frequency approximation is not necessarily valid; (2) for very large integration windows (very low frequencies), the signal may be shorter than the window. Then the formula is no longer valid.
However, for intermediate value\ of the window, the formula gives a good estimate of the time delays. In such a case, we can estimate the transmission delay, restricted to the series S, , as close to 15 msec, in conformity with the delays picked on the envelopes of Gabor wavelets in Figure 29 . This involves an effective velocity 3.5 percent lower than the mean velocity for low frequencies. The differences between the values of effective velocities obtained from synthetic seismograms (-3.5 percent) and from well shooting (-7 percent) could be explained by various corrections (for example, on instantaneous velocities of the sonic log) to reach a better fit between the sonic log and the velocity survey in the well.
Similarly, and also in a first approximation, we can estimate the distributed reflectivities versus the frequency, assuming that we can compute the effective impedance using the generalized formula for low frequencies Similar studies (Schoenberger and Levin, 1974, 1978 ) have been presented on this subject in the past.
Finally, we can assume that. when attenuation appears in sedimentary quasi-cyclic series, velocity dispersion should be expected. This remark holds for the weathered shallow layers; a small number of alternate aerated and compact layers, thus having strong impedance contrasts, involve both high-frequency attenuation and velocity dispersion.
Gas reservoirs in quasi-cyclic series
We tried to obtain quantitative comparisons between models and real data in quasi-cyclic series including gas reservoirs. Unfortunately, we could only give qualitative estimations of what would be the phenomena of superreflectivity. which may increase the amplitudes of the bright spots.
The reason it was impossible to make quantitative comparison is that, in the areas of interest for detecting such phenomena. no valid sonic logs were recorded because of the very low velocities in the gas reservoirs.
Shear waves in quasi-cyclic series
In quasi-cyclic series made up of alternate hard rocks (limestone or sandstone) and thinly layered rocks (shales or clays), we may expect strong impedance contrasts for shear waves. Therefore, effective velocities may be much lower than mean velocities, and, if it is not the case for compressional waves, low values of the ratio V,5/V,, (shear to compressional velocities) should be expected. Such values were observed for VT/V,, = 0.43 in alternate series made up of limestones and shales, compared to V,/V,, = 0.62 in reference series.
For compressional waves, such phenomena occur in weathered shallow layers, especially in aerated shales, involving strong attenuation of high frequencies and velocity dispersion. Due to the lower velocities of shear waves, the ratio wavelength/layer thickness is lower than for compressional waves. Therefore, the phenomena of high-frequency attenuation and velocity dispersion must be more prevalent.
High-resolution seismic
In high-resolution seismic, the frequency band is larger than in standard exploration and may reach four or even five octaves. This method will be much more sensitive to the phenomena of attenuation and velocity dispersion. Such phenomena must be taken into account. in data processing and even in data recording, to obtain high resolution on the layering. Our studies and the theoretical developments given in Morlet et al (1982) could become an important tool for oil field development using highresolution seismic.
We showed by simulation on synthetic and real data that the propagation of seismic waves in sedimentary series is frequencydependent, and involves the following phenomena:
Transparency for low frequencies; Superreflectivity for high frequencies; Velocity dispersion for intermediate frequencies.
These phenomena do exist in standard seismic prospecting, although they are not always easily noticeable. They help to explain the experimental constant Q law for wave attenuation, which is valid when taken from a statistical standpoint.
When high resolution is needed, these phenomena are no longer negligible, but they can still be handled.
These phenomena could be more important for shear waves in quasi-cyclic series including shales. Regarding the recording and processing methods, we showed that, to increase the resolution, for frequency dependent velocity and attenuation, we must work in both the time and the frequency domains.
Gabor wavelets of constant shape ratio (cf., Figure 3 ) can be taken as the basic wavelets for the sampling of the seismic traces in a special Gabor expansion in the time-frequency domain (Morlet et al, 1982) . This expansion gives directly the instantaneous frequency spectra of the \cismic traces.
We hope that this technique will contribute to enhance the resolving power of the seismic reflection method.
